for a review). The micronucleus, a diploid nucleus with about the same genome as the macronucleus (6), is capable of mitotic and meiotic division, is generally inert in transcription, but is active in conjugation; new macronuclei are developed following meiosis and subsequent exchange and fertilization of the micronuclei of a mating pair.
re of general use for the isolation of dominant or recessive induced mutations in this protozoan.
The ciliated protozoa, highly developed single-celled animals, have long been interesting material for a variety of physiological, developmental, and genetic studies (for reviews, see refs. [1] [2] [3] . Among the ciliates, ease of culture has made Tetrahymena pyriformis very useful (4) . All sexual strains of Tetrahymena contain two different nuclei. The macronucleus, a highly polyploid amitotic nucleus, actively transcribes RNA and directs the cell's phenotype (see ref. 5 for a review). The micronucleus, a diploid nucleus with about the same genome as the macronucleus (6) , is capable of mitotic and meiotic division, is generally inert in transcription, but is active in conjugation; new macronuclei are developed following meiosis and subsequent exchange and fertilization of the micronuclei of a mating pair.
The ability to isolate induced mutations is an obvious necessity in any modem experimental genetic system. Unfortunately, in Tetrahymena the ability to generate cells suitable for mutant selection is complicated by the separation of somatic and germinal functions into different nuclei. To be expressed, a mutation must reside in the macronucleus; to be heritable through conjugation, it must be in the micronucleus. Since progeny macronuclei are developmental derivatives of micronuclei following conjugation, schemes for mutagenesis must insert a mating between induction of mutations and selection for mutant phenotypes. In order to generate homozygotes for the expression of recessive mutations, the mating should be some form of self mating.
The phenomenon of genomic exclusion has held great promise for mutagenesis since Allen (7, 8) demonstrated that the first round of mating results in an induced self-fertilization; Fig. 1 outlines the events associated with the entire process. The sequence is initiated by mating with a strain containing a defective micronucleus; C*, a vegetative derivative of inbred strain C (7) is the best known of these, but other strains can induce the phenomenon. Although round one mating produces cells with homozygous micronuclei derived from the non-C* conjugant, the developmental process seemingly aborts before the production of a new macronucleus; newly formed macronuclei only occur as a consequence of a second round of mating. In order to recover homozygotes in mutagenesis, round one pairs must be isolated, cloned, and mated, to insure a remating of the same conjugants in round two (10) .
A related paper (9) 25 ,g/ml of cycloheximide (cy) and 15 ,ug/ml of 6-methylpurine (6-mp) , respectively (17) .
As previously described (9) (9) . Round I mating involves loss of the C* micronucleus (mic.), but normal meiosis and mitosis in the non-C* conjugant. The non-C* migratory pronucleus is transferred, resulting in haploid germinal nuclei in both cells, which become diploid (and homozygous) by a doubling of the genome. Lack of development of the macronuclear anlagen, retention of parental macronuclei (mac.), and separation of the conjugants yields mature single cells with parental phenotypes, which can remate for round II. This round follows the normal course of events in both conjugants, including the development of new macronuclei from the diploid nuclei resulting from fertilization.
new micronucleus, while still remaining the parental macronucleus.
Crosses. With the methods previously described (9, 18) , cells of different mating types were taken from log phase, washed twice in 10 mM sterile Tris-HCl, pH 7.4, and allowed to starve separately for at least 3 hr at a concentration of 5 to 10 X 104 cells per ml. Equal numbers of cells were then mixed and maintained at 300.
Cloning. Pair and single cell isolations were performed with a micropipette (tip 60-100 ,um in diameter) made from a pasteur pipette. Isolates were placed in 0.015 ml drops in Sterlstar petri plates. The drops were arranged to match the pattern of wells in microtiter plates; each petri plate had 48 drops (half a microtiter plate). Once grown, drop cultures were replica plated to microtiter plates.
Mating Type and Maturity Tests. Clones of unknown mating type were mixed separately with cells of known mating types (testers) by replica plating unknowns and knowns into the same "V" bottom microtiter plate in 1% peptone. After 2 days' growth, the plates were centrifuged for 2 min at 2100 X g in a centrifuge equipped to hold the plates (Centrifuge Plate Carriers, Cooke Laboratory Products, Alexandria, Va.). The supernatant was decanted by inverting the plates and flicking. Cells were resuspended in 0.1 ml per well 10 mM Tris with a Multi-Channel Dispenser (Cooke) and the plates were again centrifuged, the supernatant was decanted, and the cells were resuspended in 0.1 ml per well 10 mM Tris. After 12-24 hr at 30 , mature cells formed pairs with all testers except those of like mating type. Lack of pairs in all combinations indicated immaturity.
Drug Testing. Unknowns were replicated into "U" bottom microtiter plates containing 0.1 ml of 1% peptone per well. After an overnight incubation at 300, an equal volume of sterile drug in 1% peptone was added to each well. The plates were inspected for growth after 4 days at 300 with a Test Reading Mirror (Cooke). As an additional test, small culture tubes containing 3 ml of 1% peptone with the drug at the final concentration were inoculated with 0.1 ml unknown. Growth of resistant cells was readily detected after [2] [3] [4] days' incubation at 300 Mutagen Treatment. A fresh solution of 2 mg/ml of Nmethyl-N'-nitrosoguanidine was made in 95% ethanol, and was added to a log phase culture of cells to achieve a final concentration of 10 ,g/ml. The cells were kept in the mutagen for 3 hr at 300, washed three times in fresh 1% peptone, and allowed to recover 6-8 hr in 1% peptone. The cells were then washed into 10 mM Tris and starved 6-12 hr, in preparation for mating.
RESULTS
Time of New Phenotype. As demonstrated in a previous paper (9) , the timing when progeny phenotypes first arise carn be determined by using functional heterokaryons for dominant drug resistance mutations and measuring when resistant cells first arise in crosses. Prestarved cells of the strains Chx-1/ Chx-1 + (cy sens) were mixed in mating mixtures either with pre-starved wild type or C* at time 0. Peptone was added at 6 hr, stopping further pair formation, and thus preventing the beginning of round II mating in the crosses to C*. Resistant Fig. 2 , cells which had completed short-circuit genomic exclusion were selected and exposed to a dose of 2-fluoroadenosine (2-fa) which inhibits wild type immediately, and kills by 48 hr.
After 7 days in the 2-fa, clones of resistant cells were established, and mated with wild-type strain B. Pairs were isolated into drops of peptone in petri plates at 8 hr. and allowed to grow for several days. Isolating pairs into peptone is not sufficient to insure that phenotypes of the resulting synclones are the products of macronuclei of the next sexual generation. Some pairs halt conjugation before the development of a new macronucleus, retaining the parental macronucleus and, therefore, the parental phenotype. Since cells which have produced a new macronucleus in conjugation will not mate for 40 to 80 fissions (19) , immaturity can be used as an assay to identify sexual progeny. In this cross, 116 pairs were isolated. Of these, 99 lived and 89 were immature; only the immature clones were assayed for drug phenotype (Table 1) .
With one exception, synclones yielded 6-mp resistant 2-fa-sensitive cells suggesting that the 2-fa resistance was caused by a recessive mutation. The exceptional 6-mp-resistant, 2- fa-resistant synclone was subcloned, and all subclones (22/22) proved to be 6-mp-resistant, 2-fa-sensitive. Thus, the 2-fa resistance seen in the test of a large number of cells in the synclone was probably caused by the expression of the recessive phenotype following phenotypic assortment of a few cells in the synclone very early in vegetative growth. Five clones were established from each of ten of the 6-mpresistant, 2-fa-sensitive synclones by single cell isolation. Each of the synclones yielded some subclones expressing the other phenotype for each of the drug phenotypes. Thus, with respect to response to 6-mp and 2-fa, the resistant-sensitive synclones yielded resistant-resistant, sensitive-sensitive, and sensitiveresistant subclones. The results suggest that the original 2-faresistant isolate following short circuit genomic exclusion was homozygous for both the dominant Mpr allele and a recessive allele for resistance to 2-fa; the mutant allele will be denoted far. Thus, progeny of a cross of this isolate to wild type are genetically double heterozygotes, and initially express the respective dominant phenotypes: 6-mp resistance and 2-fa sensitivity. Because phenotypic assortment accompanies vegetative growth, recessive phenotypes for both allelic pairs appeared as the culture grew. Fig. S presents the genotypes and phenotypes in this sequence. In keeping with previously introduced nomenclature, the segregants expressing one or both of the recessive phenotypes are termed functional heterokaryons (9) .
Two of the functional heterokaryons, expressing both recessive phenotypes, but different mating types, were crossed. Pairs were isolated into drops on petri plates, grown, replicated, Mpr/Mpr+ far+/far+ (6- x Mpr+/Mpr+ far+/far+ (6- Table  2 indicates that the ratios obtained do not differ significantly from the expected 3:1 for two independently assorting allelic pairs with dominance relationships as described above. Moreover, only the double recessive progeny (6-mp-sensitive, 2-fa-resistant) cannot be distinguished from the parentals, and the expected inflation of this group by nonconjugants is quite apparent. If this class is discounted, the observed data can be compared with the expected ratio of 9:3:3 for double dominant and the two reciprocal classes of one dominant and one recessive, assuming the two loci are unlinked; Table 2 indicates that the observed does not differ significantly from the expected. Finally, if the proposed dominance relationship of the far allele is correct, % of all the 2-fa-sensitive cells from this cross should assort 2-fa-resistant cells; such resistant segregants are easily found by inoculating 2-fa peptone tubes with samples of each synclone after a short period of vegetative growth. As expected, when 18 of the 39 synclones were tested, 12 produced 2-fa-resistant cells.
An F2 synclone which immediately expressed 2-fa resistance and never assorted sensitives was assumed homozygous far/far and was chosen for a backcross to wild type. It was 6-mp resistant, but whether it was Mpr/Mpr+ or Mpr/Mpr was not known. It was crossed to a strain which was homozygous wild type for the two loci in question, but which was a homozygous heterokaryon for the cycloheximide resistance mutation: Chx-2/Chx-2 (cy sens).
Pairs were isolated and grown. Replicas of each synclone were tested for all three drugs (see Table 3 ). Since all progeny should be heterozygous for Chx-2, they should all be initially cycloheximide resistant; the cy-sensitive clones were considered nonconjugants and 6-mp and 2-fa responses were evaluated only among the cy-resistant synclones. The segregation of 6-mp resistant:sensitive approximated a 1:1 ratio (see Table 3 ) and shows that the F1 parent must have been heterozygous at the Mpr locus. All progeny synclones expressed the expected 2-fa sensitivity, and all assorted 2-fa resistants during vegetative growth. It should be noted that the appearance of resistant cells can occur surprisingly early; mass tests of some of the synclones had 2-fa-resistant cells soon after the original cloning, and had to be tested by isolating and testing subclones. Thus, the genetic analysis indicates that cells homozygous for a recessive induced mutation were isolated following mutagen treatment and short-circuit genomic exclusion.
Frequency of Short-Circuit Genomic Exclusion. Crosses like the one used to isolate the mutant were performed, with and without prior mutagen treatment, but serial dilutions of the cells were made when the peptone was added at 6 hr, and 0.1 ml samples were dispensed to the wells of sterile microtiter plates. After 24 hr an equal volume of drug in 1% peptone was added to each well, and the plates were scored for viability after 6 days at 300. The frequency of empty wells was considered the zero class in a Poisson distribution of resistant cells which had completed short-circuit genomic exclusion. Many independent repeats of this experiment all indicate that about 5% of the viable nonmutagenized heterokaryons undergo the process. Addition of extra C* cells somewhat increases the frequency, probably by maximizing the chance that the heterokaryon is involved in a successful pair. Treatment with methylnitrosoguanidine, as described in the Materials and Methods, consistently yielded about one-tenth the amount of successful short circuit exconjugants, probably because of the introduction of lethal mutations into the micronucleus. Thus, it is reasonable to expect about 0.5% of the mutagen-treated heterokaryons to complete short-circuit genomic exclusion. 20 for a review of techniques).
DISCUSSION
Use of heterokaryons to identify true progeny can also serve an important function in normal matings. Although it is now routine to achieve mating mixtures with over 90% cells in pairs (18, 20) not all pairs complete conjugation. Successful matings of wild-type cells with a heterokaryon containing a micronucleus homozygous for a dominant resistance mutation, but with a macronucleus expressing sensitivity, result in all resistant progeny. Thus, as in this report, routine genetic analyses can be performed by making crosses to the appropriate heterokaryon, isolating pairs, and evaluating phenotypes only among the resistant clones. Microtiter plates and accessory equipment are extremely well suited for these manipulations.
The 2-fa-resistance mutation analyzed in this paper provides a different selective potential. Although it also undergoes phenotypic assortment, allowing the creation of functional heterokaryons, the dominant phenotype is sensitivity; changes from recessive to dominant phenotypes in heterokaryons during conjugation can be used with this marker to select against successful conjugation. This approach can be exploited in a search for mutants with conditional blocks in conjugation.
Finally, it is instructive to make special note of the phenotypic diversity possible within a vegetative clone of cells heterozygous for genes that undergo phenotypic assortment. Double heterozygotes for any of the drug resistance markers mentioned in this paper assort cells that express one of four possible phenotypes (resistant to both, sensitive to both, or resistant to one, sensitive to the other). It must be emphasized that phenotypically assorted cells are stable; once subclones expressed recessive phenotypes, they never assorted cells which reexpressed the dominant phenotype. Although phenotypic assortment somewhat complicates the outcome of crosses, it is extremely valuable, making possible the construction of heterokaryons which can be used in a number of diverse manners, a few of which were outlined here.
